This paper presents an experimental investigation on the changes of pore structures, pore morphology of a medium volatile bituminous coal through solvent extraction under ultrasonic irradiation. The solvent extraction experiments, carried out using four non-or weak-polarity solvents with the twice-and thorough-extraction methods, provided a series of extract residues for comparison study on the coal pore structure with reference to the coal sample. Scanning electronic microscopy (SEM) and mercury injection porosimetry (MIP) were used to study the morphological and structural changes of pores both the coal samples and the residues. The results show that most solvable organic components can be extracted from coal through twiceextraction method with the solvents used in this study; under the ultrasonic irradiation, the solvent extraction makes the surfaces of coal particles grow loose and thus come to pieces forming many intergranular pores. And the numbers of intergranular pores have a tendency to increase as the extraction degree increases; the solvent extraction produced the "pore expansion" effect and increased opening pores, and hence can improve the connectivity among pores and make the pore distribution more uniform.
INTRODUCTION
Coal is formed from ancient plant materials in peat swamp in the course of millions of years. During coalification process, the gases, mainly coalbed methane (CBM), have been formed and mainly adsorbed in pores of coal (Hodek,1994) . The volume and the specific surface areas of pores in coal are major parameters to control CBM adsorption/desorption and extraction (Bustin and Clarkson, 1998; Crosdale et al., 1998; Clarkson and Bustin, 2000; Gentzis, 2000) . For this reason, characterization of the pore structure of coal as a reservoir rock is important for better understanding the behavior of gas storage and migration in coal (Radlinski et al., 2004; Shu et al., 2010; Zheng et al., 2012) .
The pore structure of coal means the pore size, size distribution and geometry/morphology of the interconnected pore network (Liu et al., 2000) . Various methods such as mercury injection porosimetry (MIP), scanning electron microscopy (SEM), small angle X-ray scattering (SAXS) and small angle neutron scattering (SANS) have been used to study the pore structures of coals (McMahon et al., 1999; Sing, 2004; Mastalerz et al., 2008) . SAXS and SANS technologies are generally useful in determination of coal pore structure and porosity, can provide very valuable information in the fundamental study of coal. However, the mercury injection porosimetry is still very useful in the study of coal structure, particularly in providing quantitative information on the pore structure of coal under a reasonably small pore size (Toda and Toyoda, 1971; Mahajan, 1984; Kloubek, 1994; Bergins et al., 2007; Friesen and Ogunsola, 1995; Qu et al., 2010) .
Solvent extraction of coal is developed for the purpose of dissolving the soluble organic matter from coal. Solvent extraction at room temperature does not cause any chemical change of coals, but provides useful information about coal structure and composition through detailed characterization of the extracts, even though the extraction yields are usually low (Given et al., 1986) . In this study, a medium volatile bituminous coal was extracted through the fractional extraction method using four solvents with non-or weak-polarity. Further, the change of pore structure and pore morphology were investigated by means of mercury injection porosimetry (MIP) and scanning electron microscopy (SEM). It should be explained that the solvents chosen for this study must not destroy the molecular structure, and not cause chemical composition of coal samples great change, which have not a big impact on future adsorption tests. The results also provide references for analyzing the effects of pore structure on methane adsorption in coal, which is beyond the scope of current study and will be presented in our subsequent publications.
COAL SAMPLES AND ANALYTICAL PROCEDURE 2.1. Coal sample
The coal used for this study is a medium volatile bituminous coal of Permian age selected in Huangtupo coal mine in Qinyuan coal basin, Shanxi province, China. According the classification standard (GBT 18023-2000, the People's Republic of China), the macrolithotype of coal for all the coal samples were classified to be bright coals, and the maximum vitrinite reflectance (R O,max %) of the medium volatile bituminous coal is 1.53% and its maceral content consists of 73% vitrinite, 1% liptinite, 20% inertinite and 6% inorganic matter.
Solvent extraction experiments
Coal sample selected was firstly crushed and separated using a 30 mesh (<0.5 mm) standard sieve. Four solvents were used in the fractional extraction experiments, which, according to the extraction power of the solvents to coal, are in turn benzene, Carbon disulfide (CS 2 ), acetone and tetrahydrofuran (THF) from weak to strong (Fig. 1) .
In this extraction approach, the coal sample with the weight of 20 g was mixed with the given solvent of 20 ml, which were kept for 1 hour under ultrasonic irradiation at 25°C in each extraction. According the extraction scheme, the coals about 100 g in the weight were extracted by benzene of solvent extraction experiments, among which the residue of about 20 g in weight was used to be observed the morphology of coal particles and pore by SEM method and measured pore structure parameters by MIP method, and the other residues were further extracted by the next solvents (that are in turn CS 2 , acetone and THF), respectively.
To compare the changes of pore shape and structure in different extraction degree and then study the dissolution behavior of small molecules from coal, the solvent extraction experiments were performed by two different extraction methods, i.e. twice-extraction and thorough-extraction. The former is carried out two extractions using each given solvent for each step, and the latter done a thorough extraction by each solvent at each step, until the color of extracted liquid looks almost the same as the fresh solvent solution.
In this paper, for convenience to describe the measurement results, the following nomenclature has been used: they are R n , E n and Y n for residues, extracts and yields, respectively. Here the subscript n = 1-4 for twice-extraction method or n = i-iv for thorough-extraction method and the numbers correspond to the extractions by benzene, CS 2 , acetone and THF, respectively.
Group components analysis
Ultimate and pore structure analysis 
Analytical techniques 2.3.1. Pore morphology observation
Pore shape for coal sample and its residues were investigated using a scanning electronic microscope (SEM model: S-3000 N/H), manufactured by Hitachi, Ltd., Japan. The SEM can hold a coal sample of maximum 150 mm in diameter and has the magnification with the range of 15× to 300,000×, with a secondary electronic resolution of 3.0 nm under high vacuum mode.
Pore structure characterization
In this study, the mercury injection porosimetry is the model No. 9310 manufactured by Micromeritics Instrument Corporation of America. The smallest pore diameter that can be measured is 7.2 nm. Before the MIP experiment, all the samples used, including coal sample and its residues, were dried at 105°C for 24 hrs in a constant temperature under vacuum conditions.
RESULTS AND DISCUSSION

Extraction yield of coal
The extraction yield is defined as a percentage of the extract matters from coal for given solvent extraction. Figure 2a shows the extraction yields of coal that resulted from twice-extraction and thorough-extraction, respectively. As can be seen, all fractional extraction yields through twice-extraction method are slightly lower than those obtained from corresponding steps using thorough-extraction method. The total extraction yield of the four solvents obtained by twice-extraction method is 7.5%, slightly lower than the yield of 8.2% resulted from thorough-extraction method. Further analysis shows that the ratio of the yields trends to increase as the fractional grade increases, varying from 85.0% (Y 1 /Y i ) to 95.7% (Y 4 /Y iv ), as indicated in Figure 2b . These suggest that the twiceextraction method can effectively extract most of soluble components compounds from coal. In other words, there were less solvable compounds left in the residues followed by the twice-extraction with given solvents.
Shape of coal particles and pore
The SEM has been used to observe the morphological changes of coal particles and pore in coal sample and its extract residues ( Fig. 3) .
Generally, the size of coal particles in raw coal are bigger than that in all of residues, and the particle sizes trends to decrease as the extract degree increases. It can be seen under the SEM that the growing numbers of coal particles with the diameter of 100-200 nm were formed in extract residues, and even the surfaces of coal particles completely grow loose and large amounts of pores between the particles (that are intergranular pores) were formed (seen in Fig. 3 ) so as to increase the porosity in coal.
Further, through the comparison of the morphological changes of the particles and pores among raw coal and its extract residues resulted from twice-extraction and thorough-extraction under SEM, it can be found that many black ledges around pores were formed after the solvent extractions and many pores expended (the phenomenon was called "pore expansion" effect). As a result of "pore expansion" effect, the connection of some pores grows better (seen in Figure 3b : R 3 and Figure 3c : R iii ). In addition, the larger pores were completely destroyed in the extract residues with higher extract degree, such as R 4 and R iv in Figures 3b (R 4 ) and 3c (R iv ), respectively. Table 1 shows the data of pore structure parameter in raw coal and its residues by the MIP method. Generally, the pores in coal are classified by micropores (<2 nm), mesopores (2-50 nm) and macropores (>50 nm) (Harpalani and Chen, 1995) . This paper mainly investigates the mesopores (7.2-50 nm) and macropores (50-10000 nm) due to limitation of the MIP instrument. The study on the change of micropore structure through fractional extraction method has been carried out by low temperature nitrogen adsorption method (Zhang, 2005) . A principle used for analysis on pore structure with MIP data is that the injection/extrusion curves of mercury represent the connectivity of pore network. Moreover, the incremental rates of the pore volume to pore size (dV/dD ) in given pore size (D) ranges can reflect the pore size distribution (Qin, 1994) . The incremental rate of the pore volume to pore size can be determined by incremental rate of mercury saturation (dS HG /dD) using the following formula via injection curve of mercury (e.g. Fig. 4 for raw coal sample):
Pore structure
( 2) where dV/dD is the incremental rate of the pore volume to pore size (10 −4 cm 3 /g/nm); V D 1 and V D 2 are the mercury injection volume in corresponding pore size (10 −4 cm 3 /g);
Investigation on pore structures of a medium volatile bituminous coal with solvent extraction tests V t is the total mercury injection volume in MIP method and equals the total specific pore volume (10 −4 cm 3 /g), and it is a constant for a given sample; S HG1 and S HG2 are the mercury injection saturation in corresponding pore size (%). As a result, a series of the incremental rates of the pore volumes can be plotted as a function of the pore size, as shown in Figure 4 . The curves of incremental rates for raw Coal sample ( Fig. 5) and all residues will be discussed later. Specific surface area Specific pore volume S 1 , S t = S 1 + S 2 with S 1 and S 2 are the specific surface area of macropore with pore diameter of more than 50 nm and mesopore with pore diameter of 50-7.2 nm, respectively; and V t = V 1 + V 2 with V 1 and V 2 are the specific pore volume of macropore and mesopore, respectively.
Pore structure parameters
The MIP data in Table 1 show that both the absolute specific surface area (S 1 ) and specific pore volume (V 1 ) of macropores in raw coal sample and their percentages are far less than those in all the extract residues. The specific surface area (S 2 ) of mesopores in raw Coal sample and their percentage are generally larger than those in all the residues except for S 2 in R 2 and R 4 . Furthermore, the pore volume (V 2 ) of mesopores in raw coal is far less than those in all the residues, but its percentage is much lower than those in all residues. As seen in Table 1 , whichever extraction methods were used, the absolute values (V 1 ) and percentages (V 1 /V t ) of the macropore volume are more than V 2 and (V 2 /V t ) of the mesopore volume, respectively. However, the same rule does not exist for the specific surface area of pores. Furthermore, except the residues R 3 and R iii , the absolute values (S 1 ) and percentages (S 1 /S t ) of specific surface area of macropores are generally larger than those of mesopores for the residues obtained by thorough-extraction method, whilst those are almost contrary for the residues by twice-extract method. With the increase of extraction degree for the same extraction method, the absolute specific surface area of pores and the pore volume changed without specific rules. For example, the absolute macropore volume in residues obtained through twiceextraction method shows the sequence: R 3 > R 1 > R 4 > R 2 , and the corresponding sequence is R i > R iv > R iii ♠ R ii for the residues produced by thorough-extraction method.
Pore shape and connectivity
The pores in coal are classified into effective pores, which gas and liquid can penetrate, and isolated pores, which gas and liquid cannot penetrate. The pores which can be described through MIP are only those of the effective pores in coal 344 Investigation on pore structures of a medium volatile bituminous coal with solvent extraction tests ( Qin, 1994) . According to the pore connectivity, the effective pores can be further divided into open pores, semi-closed pores, and "narrow-neck bottle" pores (Qin, 1994) . The shape and connectivity of macro-and meso-pores can be evaluated through MIP method in terms of the mercury injection/extrusion curves, as illustrated in Figures 6 and 7 . Depended on the types of pores, the MIP curves may or may not exhibit the so-called "hysteresis loop" featured by differences of the mercury injection volumes during injection and extrusion. In general, the open pore has a hysteresis loop, while the semi-closed pore does not have the hysteresis loop because its mercury intrusion pressure equals the mercury extrusion pressure (Qu et al., 2010) . Both of the mercury injection/extrusion curves would show a downconvex shape if there exist only opening and semi-closed pores (Fig. 6) . In contrast, for the pore structure dominated by "narrow-neck bottle" pores, the MIP curves would show an apparent "turning point" where the shape of the MIP curves will be suddenly converted from down-convex to up-convex ( Fig. 7) . As shown in Figure 6 , the MIP curves for the raw coal sample look similar, showing a little hysteresis loop and the monotonic down-convex shape. The mercury injection volumes of both injection and extrusion increased rapidly in smaller pores (D = 7.2 ~ 80 nm) and slowly in larger pores (D > 80 nm). There is no apparent "turning-point" conversion in the MIP curves. These suggest that the pore structure of the raw coal is dominated by semi-closed pores with relatively few opening pores and very few "narrow-neck bottle" pores.
A series of the MIP curves have been obtained based on the two extraction methods for various solvents, as shown in Figures 7a and 7b , respectively. Compared with Figure 6 for the raw coal, all the MIP curves for the extract residues exhibit the apparent hysteresis loops. The injection curves all show a down-convex shape in larger pores and an up-convex shape in smaller pores, but the extrusion curves only show the up-convex shape in the whole test range of pore size. There is an apparent "turning-point" in each of the extrusion curves except the the extrusion curves of the residue R 1 , suggesting that many "narrow-neck bottle" pores were formed after the solvent extraction. Therefore, the extrusion efficiency got worse 
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Intrusion Extrusion when the pressure decreased during extrusion in MIP tests which led to the increasing differences in mercury injection volumes of intrusion and extrusion. Furthermore, it can be seen that the "turning-point" generally moved towards smaller pore size with increasing extraction for a given extraction method. The pore sizes at which the "turning-point" occurs for the residues obtained by thoroughextraction method are less than those obtained with the same solvent through twiceextraction method. These suggest that the amount of "narrow-neck bottle" pores in the residues increases as the extraction degree increases, particularly in the range of smaller pore sizes.
Pore size distribution
As mentioned in preceding discussion, the incremental rates of the pore volume to pore size in given pore size ranges will be a useful measure for pore size distribution. For a given MIP curve, the incremental rate of the pore volume to pore size can be easily determined and expressed by (dV/dD), as illustrated in Figure 4 . Taking the mercury injection curve for raw coal sample as an example, the calculated results in the plot of the incremental rates with pore sizes are shown in Figure 5 . As can be seen, Figure 5 contains a number of discontinuous points with zero incremental rates. It should be understandable that the value of the incremental rate would be zero at some points where no pore exists or cannot be probed under MIP test conditions. A zero incremental rate of the pore volume to pore size at a given point represents the discontinuity of pore size distribution at the point. Therefore, the stronger oscillation frequency of the dV/dD-D plot is, the worse continuity of pore size distribution is. The dV/dD-D plots of all the residues are as shown in Figure 8 .
As can be seen, Figure 5 shows that the pore size distributions in raw coal sample are obvious oscillation or discontinuities and the changes occur within the whole range of pore sizes. For the extract residues, there are only similar changes in the range of small pore sizes (<50 nm) or even the continuous changes in the whole MIP measurement range of pore sizes (e.g. for the residues R iii , referring to Figure 8b : R iii ).
Furthermore, it can be found that the values of dV/dD show different contrast in different pore size range as the extraction degree increases. Taking the residues obtained by twice-extraction method as an example, the dV/dD of mesopores for CS 2 residues (R 2 ) are larger than that for the benzene residues (R 1 ), and those of macropores are lower than the latter. However the oscillation of dV/dD with the change of pore size becomes weak for CS 2 residues (R 2 ), compared with the benzene residues (R 1 ). For the acetone residues (R iii ) obtained by thoroughextraction method, the oscillation of dV/dD values is weakest among all the residues.
On the whole, solvent extraction can make pore with different size more uniformly, but the tendency of uniform distribution does not show clear with the increase of extraction degree, caused by the solvent swelling effect and clogging effect by detain matters, including the solvent moleculars or smaller solvable molecular matters (Szeliga and Mamec, 1983; Takanohashi et al., 1996; Hu et al., 2000; Khadhraoui et al., 2002; Zhang et al., 2006; .
CONCLUSIONS
(1) The study shows that most of the solvable small molecular compounds of the coal used in the paper can be extracted using the four solvents through twiceextraction method.
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Investigation on pore structures of a medium volatile bituminous coal with solvent extraction tests (2) Under the ultrasonic irradiation, the solvent extraction makes the surfaces of coal particles grow loose and thus come to pieces forming many intergranular pores. The numbers of intergranular pores trend to increase as the extraction degree increases. (3) The sequential solvent extraction can improve the connectivity among pores due to the "pore expansion" effect and the increased opening pores. Under solvent extraction, the total pore volume in raw coal is far less than that in extract residues but the absolute specific surface areas exhibit complex variations. Solvent extraction can make pores distribute more uniformly, but the tendency of uniform distribution is influenced by the solvent swelling effect and clogging effect by detain matters, and does not show clear with the increase of extraction degree.
